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Impact of pesticide application on zooplankton communities with
different densities of invertebrate predators: An experimental

analysis using small-scale mesocosms
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Abstract

We assessed the responses of zooplankton communities with different population densities of an invertebrate predator,Meso-
cyclops pehpeiensis, to insecticide (carbaryl, 0.5 mg L−1) in small-scale mesocosm tanks (20 L). Cladocerans were eliminated
by carbaryl application at both high and low predator densities. The density of rotifers increased after the elimination of the
cladocerans by carbaryl application at low-predator density but not at high-predator density. Carbaryl application increased the
relative importance of predatory interactions in the zooplankton community. The results suggest that predator abundance can
affect the response of a zooplankton community to carbaryl application through predation on surviving zooplankton.
© 2005 Elsevier B.V. All rights reserved.
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. Introduction

Zooplankton are important organisms in freshwater
cosystem since they occupy a central position in the

ood chain. They transfer energy from primary pro-
ucers to higher trophic organisms such as fish, and

heir community structure, biomass, and production
nfluence the whole food web structure of freshwa-
er ecosystems through trophic interactions (Mills and
orney, 1988). At the same time, they are one of the
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groups most sensitive to toxic chemicals (Hanazato
2001). Thus, they have been frequently used in e
toxicological tests (OECD, 1981; Japanese Society
Environmental Toxicology, 2003). Among many toxic
chemicals, pesticides affect zooplankton at indi
ual, population, and community levels (Goodrich and
Leach, 1990; Dodson et al., 1995; Hanazato, 19
2001).

Recent ecotoxicological studies have concentr
on the community level responses of zooplankto
contamination by toxic chemicals, including pe
cides (Hanazato and Kasai, 1995; Sierszen and Loz
1998; Lahr et al., 2000; Kreutzweiser et al., 2002), in
relation to the zooplankton’s functional roles in fre
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water ecosystems. As a community, zooplankton in-
clude many different species at different trophic lev-
els in the food web. The application of toxicants can
differentially alter the population densities of preda-
tors and prey, and affect prey–predator interactions
in the community (Hanazato, 1998b; Preston et al.,
1999a,b). Since predation has an important impact
on zooplankton populations through top-down regu-
lation, the impact of toxicants on a zooplankton com-
munity can be seriously affected by the presence of
predators through changes in predator–prey interac-
tions in the community. The influence ofChaoborus
larvae (Diptera, Chaoboridae) and a predacious ro-
tifer, Asplanchna, on the impact of insecticide appli-
cation on a zooplankton community has been studied
in mesocosms such as artificial ponds and enclosures
(Hanazato, 1991; Peither et al., 1996). It may also be
true that the presence of cyclopoid copepods, com-
mon invertebrate predators in freshwater, can influence
the effects of insecticides on zooplankton communi-
ties. However, the relationship between the presence
of copepods and insecticides in their effects on zoo-
plankton communities is poorly understood, probably
owing to the difficulties in manipulating the density of
copepods in mesocosms.

We compared the response of zooplankton commu-
nities with different population densities of the preda-
cious copepodMesocyclops pehpeiensisto pesticide
application in mesocosms. Mesocosms such as exper-
imental ponds and enclosures are frequently used as
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20-L cylindrical polyethylene tanks (diameter, 30 cm;
height, 31 cm) were used as the mesocosms. The tanks
were lined with polyethylene film to avoid any influ-
ence of previous experiments. To establish the zoo-
plankton communities, 1 kg of bottom mud from the eu-
trophic Lake Suwa (36◦2′N, 138◦5′E), Japan, contain-
ing resting stages of zooplankton was placed in each
tank on day 0. The bottom mud was collected with an
Ekman-Birge dredge from the lake on 9 April 2003, and
was stored in a refrigerator (4◦C) until the experiment
was set up. All the tanks were kept in a temperature-
controlled room (20◦C) with a photoperiod of 16 h
light and 8 h dark. The green algaChlorella (Chlorella
Industry Co. Ltd., Fukuoka, Japan) was added to the
tanks to a final density of approximately 3.3× 104 cells
mL−1 on day 10 and every 3 days thereafter.

The experimental procedure is illustrated inFig. 1.
The tanks were divided into two groups: high and low
predator (M. pehpeiensis) densities. Since some cy-
clopoid copepods emerged from the resting stage in the
bottom sediment, maintaining the complete absence of
the predators in the tanks was impossible. We increased
the density ofM. pehpeiensisby introducing 40 late
copepodites or adults into each high-predator-density
tank on day 24. The introducedM. pehpeiensiscame
from tanks prepared as aMesocyclopspool. Those
tanks included bottom mud of Lake Suwa and were
maintained for more than 2 months with highChlorella
density and high densities of rotifers and small clado-
cerans, the food ofM. pehpeiensis. In contrast, adult
M re
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odel systems to examine the response of zooplan
o chemical application at a community level. Howe
heir size often causes difficulties in controlling
erimental environments. In particular, it is difficult
ontrol invertebrate predators such as copepods, w
ften develop high population density in large me
osms. To exclude these problems, we used small-
esocosms (20 L), in which we could control temp
ture, food condition, and predation pressure by
opepods.

. Methods

.1. Model ecosystem

The experiment was set up on 19 April 2003 (da
nd terminated on 8 June 2003 (day 46). Tw
. pehpeiensisin the low-predator-density tanks we
aught using a pipette on day 24. To minimize
urbance to other zooplankton in the tanks, we ca
. pehpeiensisnear the surface quickly and gen
n day 33, 10 mg of carbaryl (Wako Pure Chem

ndustries Ltd., Japan) diluted with 50 mL of solv
ethanol) was added to the tanks to produce a n
al concentration of 0.5 mg L−1. Solvent only (50 mL
as added to half of the tanks with each predator
ity as controls (Fig. 1). The basic environmental fa
ors in the tanks during the experiment are sum
ized in Table 1and show little variance between t
anks.

.2. Zooplankton sampling and analysis

Before the carbaryl application (day 33), samp
ere collected on days 12, 19, 24, and 33. After
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Fig. 1. Experimental procedure. The experiment was started on 19 April 2003 (day 0) and was terminated on 8 June 2003 (day 46).

carbaryl application, samples were collected on day
34 (24 h after application) and every 3 days thereafter.
Zooplankton were sampled from each mesocosm in
acrylic tube sampler (diameter, 5 cm; length, 62 cm)
which has rubber caps at the top and bottom. The sam-
pler was inserted vertically into the tank to a depth of
25.5 cm from the surface, and then the top and bot-
tom were sealed to enclose 500 mL of the tank water.
Two samples totalling 1 L were collected. Since zoo-
plankton often aggregated near the wall of the tank,
the water was gently mixed before the sampling. Col-
lected water was filtered through a 40-�m mesh net
and preserved with sugar-formalin at a final concentra-
tion of 4% (Haney and Hall, 1973). The fixed samples
were concentrated to 5 mL by settling for 24 h. Aliquots
of 1 mL were used for counting rotifers and copepod
nauplii. Whole samples were used for counting clado-
cerans and copepodids.

To assess the impact of carbaryl on zooplankton
community structure, a food web was drawn for each

tank on each sampling date, and the interactions of zoo-
plankton in the food web were analyzed as follows
(Sprules and Bowerman, 1988; Locke and Sprules,
1994; Kreutzweiser et al., 2004):

(1) Number of trophic interactions per species: all
trophic interactions between species, including
cannibalism and mutual predation, were counted
and divided by total number of species.

(2) Number of predatory interactions: one trophic link
was counted for each predator–prey species in-
teraction. Cycles and mutual predation were also
counted.

(3) Number of competitive interactions: one poten-
tial competitive link was counted for each pair of
species sharing food items. Competing species that
were herbivorous at any ontogenetic stage were
considered to share a phytoplankton resource.

(4) Relative importance of predation: relative impor-
tance measures the proportions of predatory inter-

Table 1
Average (± S.E.) water temperature, dissolved oxygen concentration (DO), and pH during the experimental period

Water temperature (◦C) DO (mg L−1) pH

Low-predator density
Control 20.28± 0.03 5.65± 0.48 6.70± 0.06
Carbaryl treatment 20.38± 0.03 4.85± 0.62 6.69± 0.05

High-predator density
Control 20.25± 0.04 5.68± 0.46 6.64± 0.07
Carbaryl treatment 20.43± 0.03 5.16± 0.57 6.68± 0.06
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actions in the food web, and is calculated as fol-
lows:

Relative importance of predation = (number of preda-
tory interactions)/(total interactions, including preda-
tory and competitive interactions).

The differences in all quantitative data were tested
with repeated-measures ANOVA using StatView ver. 5
(SAS Institute Inc., Cary, NC, USA).

3. Results

Two genera of predacious cyclopoid copepod,M.
pehpeiensisandThermocyclopssp., lived in the meso-
cosm tanks. Copepodids and adults were classified
into genera, and their naupliar instars were classi-
fied as nauplii. After day 24, when the predator num-
bers were adjusted, the density ofM. pehpeiensiswas

higher in the high-predator-density tanks, as expected
(Fig. 2), but the density ofThermocyclopsremained
low (<2 ind. L−1) in all tanks and showed no marked
differences among the tanks. No serious decrease of
M. pehpeiensisdensity occurred after carbaryl ap-
plication. The density of copepod nauplii was much
higher in the control high-predator-density tanks. In
carbaryl-treated tanks, their density decreased after
carbaryl application and remained significantly lower
than in control tanks in both the high-predator-density
tanks (RM-ANOVA time× treatment interaction,F(1,
28) = 11.217,P< 0.005) and the low-predator-density
tanks (RM-ANOVA time× treatment interaction,F(1,
28) = 14.124,P< 0.001).

Ceriodaphnia quadrangulaand Bosmina lon-
girostriswere the dominant cladoceran species in the
tanks. The density of total cladocerans was much lower
in the high-predator-density tanks (Fig. 3). On the other
hand, they were eliminated by carbaryl application, and

F nd adu lii
i

ig. 2. Changes in the densities (average± S.E.) of copepodids a
n the mesocosm tanks.
lts ofM. pehpeiensisandThermocyclopssp., and the copepod naup



K.H. Chang et al. / Aquatic Toxicology 72 (2005) 373–382 377

Fig. 3. Changes in the densities (average± S.E.) of cladocerans in the mesocosm tanks.

the population did not recover by the end of exper-
iment.Trichocerca stylata, Hexarthra mira, andLep-
adellasp. were the most abundant rotifer species. Their
patterns of change of density after carbaryl applica-
tion differed depending on predator density (Fig. 4).
The densities ofT. stylatawere significantly higher
in control tanks both at high- and low-predator den-
sity (RM-ANOVA time× treatment interaction,F(1,
28) = 19.152,P= 0.0002 at low-predator density and
F(1, 28) = 10.579,P= 0.003 at high-predator density).
However, the density ofT. stylatawas much lower
at high-predator density. The density ofH. mira in-
creased only in the control tanks at high-predator
density, and showed significantly higher density than
that in carbaryl tanks (RM-ANOVA time× treatment
interaction,F(1, 28) = 5.057,P= 0.0326).Lepadella
sp. increased its density after carbaryl application
in the low-predator-density tanks, and showed much
higher density than the tanks without carbaryl treat-
ment (RM-ANOVA time× treatment interaction,F(1,
28) = 5.798,P= 0.0229). However, such an increase

of Lepadella sp. density after carbaryl applica-
tion was not observed in the high-predator-density
tanks (RM-ANOVA time× treatment interaction,F(1,
28) = 0.219,P= 0.6431). Consequently, the total den-
sity of rotifers increased after carbaryl application,
and was higher in carbaryl-treated tanks than in con-
trol tanks at low-predator density with nearly signifi-
cant level (RM-ANOVA time× treatment interaction,
F(1, 28) = 3.098,P= 0.0893). However, rotifer density
did not increase after carbaryl application in the high-
predator-density tanks, and was rather higher in the
control tanks, and showed opposite patterns to that
in the low-predator-density tanks. Although the dif-
ference of total rotifer density between the control
and carbaryl-treated tanks in high predator-density-
tanks was not significant, but showed very lowP-
value (RM-ANOVA time× treatment interaction,F(1,
28) = 2.795,P= 0.1057). Changes over time in densi-
ties of rotifers, cladocerans,M. pehpeiensis, and cope-
pod nauplii in the treated tanks (predator introduction
and/or carbaryl application) relative to those in the con-
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Fig. 4. Changes in the densities of rotifers (average± S.E.) in the mesocosm tanks.

trol tanks (no predator and no carbaryl) are shown in
Fig. 5.

Despite the changes in densities and succession pat-
terns of rotifers and nauplii after carbaryl application,
the number of trophic interactions per species, which
represents the food web structure and stability, was not
affected by the carbaryl application (Fig. 6) at either
low-predator density (RM-ANOVA time× treatment
interaction, F(1, 28) = 0.456, P= 0.505) or high-
predator density (RM-ANOVA time× treatment in-
teraction,F(1, 28) = 0.687,P= 0.414). No remarkable

differences in numbers were found also between the
low- and high-predator-density tanks. However, car-
baryl application increased the relative importance
of predatory interactions in the food web at both
low-predator density (RM-ANOVA time× treatment
interaction,F(1, 28) = 3.311,P= 0.0677) and high-
predator density (RM-ANOVA time× treatment inter-
action,F(1, 28) = 3.542,P= 0.0703) with near signifi-
cant level. The higher relative importance of predatory
interactions was greater at high-predator density, par-
ticularly in carbaryl-treated tanks.
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Fig. 5. Changes in average densities of rotifers, cladocerans,M.pehpeiensis, and copepod nauplii in the mesocosm tanks, expressed as differences
from average density of control tanks with no predators and no carbaryl.

4. Discussion

One conspicuous impact of insecticide application
on zooplankton communities is the increase in rotifer
density (Day et al., 1987; Yasuno et al., 1988; Hanazato
and Yasuno, 1990a; Van den Brink et al., 2002).
Since rotifers are more tolerant than cladocerans to
many pesticides including carbamate insecticide (car-
baryl,Hanazato and Yasuno, 1990a), organophospho-
rus insecticide (azinphos-methyl,Sierszen and Lozano,
1998), organochlorine pesticide (lindane,Peither et al.,
1996), and DCA (3,4-dichloroaniline,Jak et al., 1998),
and at the same time, they are less competitive than
cladocerans (Gilbert, 1988). Thus, the reduction of
cladoceran populations due to insecticide application
increases the rotifer population density.

In the present experiment, the addition of the preda-
torM. pehpeiensisreduced cladoceran density and in-
creased rotifer density in the tanks not treated with car-
baryl (Fig. 4). The result indicates that predation byM.
pehpeiensisaffected cladocerans, but not rotifers.M.

pehpeiensisconsumes small cladocerans and rotifers
(Williamson, 1986; Chang and Hanazato, 2003a,b);
our result suggests thatM. pehpeiensispredation has
a larger negative impact on cladocerans than on ro-
tifers. The decrease of cladocerans byM. pehpeiensis
predation might have allowed rotifer numbers to in-
crease. However, the carbaryl application induced dif-
ferent patterns of change of rotifer densities between
the tanks with high and low predator densities. In the
tanks with low-predator density, the population den-
sity of rotifers increased after the carbaryl application,
probably owing to the elimination of cladocerans by the
carbaryl. However, in the tanks with high-predator den-
sity, the carbaryl treatment suppressed the growth of ro-
tifer populations. Cyclopoid copepods are more toler-
ant to carbaryl and other insecticides than are cladocer-
ans (Hanazato and Yasuno, 1990b; Havens, 1994; Van
den Brink et al., 2002). The application of 0.5 mg L−1

carbaryl did not affectMesocyclops(Fig. 2), which
might have foraged on the rotifers after their preferred
prey, the cladocerans, had been eliminated. Thus, it
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Fig. 6. Changes in the number of trophic interactions per species and the relative importance of predatory interactions in the food web in the
mesocosm tanks.

seems that high predation pressure byM. pehpeiensis
suppressed the increase of rotifers in the high-predator-
density tanks with carbaryl treatment, where the supe-
rior competitors, the cladocerans, were eliminated. The
increase of the relative importance of predatory inter-
actions in the food web shown in these results also sug-
gests that predation byM. pehpeiensismight play an
important role in controlling rotifer populations after
carbaryl application has reduced available prey items.

Since predators have a large impact on zooplankton
community structure, the combined impact of preda-
tors and chemical application on zooplankton com-
munities has been studied using mesocosms and ar-
tificial ponds (Peither et al., 1996; Hanazato, 1998b).
Hanazato (1991)exposed different zooplankton com-
munities (with and without the predatorChaoborus)
to carbaryl and found that theChaoborusaltered the
community response to the chemical by changing the
community structure.Peither et al. (1996)found that
the application of lindane changed a rotifer commu-
nity indirectly through effects on predators. Loss of the
predatorChaoborusdue to lindane application was ac-
companied by an increase in the number ofAsplanchna,

a predacious rotifer, and the predation byAsplanchna
changed the community structure of the prey species.
Cyclopoid copepods consume various zooplankton, in-
cluding cladocerans and rotifers (Brandl, 1998). They
are very common invertebrate predators in freshwater
and are widely distributed. However, there is little in-
formation on combined effects of pesticides and cope-
pods on zooplankton communities. The reason might
be difficulties in controlling the copepods’ density in
experimental ponds and enclosures. Although we failed
to completely eliminate copepods in the tanks, we suc-
ceeded in evaluating different copepod densities and in
demonstrating their predation impact on the response
of zooplankton to chemical disturbance.

In general, rotifers are known as less susceptible to
chemical application than cladocerans. In our meso-
cosm experiment, the dominant rotifer speciesLep-
adella sp. showed a general response to carbaryl ap-
plication, the increase of its density after chemical ap-
plication. However, although its density was less abun-
dant in the tanks,T. stylatashowed different response
pattern. The density ofT. stylatadid not increase in the
tanks with carbaryl treatment at both predator densities.
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This result suggests that the response of rotifers to
chemical application may differ depending on species,
although their overall responses are determined by the
chemical impact and biological interactions such as
competition and predation.

Copepod adults seemed to be unaffected by carbaryl
application, but their nauplii decreased and remained
at low densities after carbaryl application regardless
of the adult density. The reduction of nauplius den-
sity due to lindane application was reported in another
mesocosm study (Peither et al., 1996). The results sug-
gest that the copepods have ontogenetically different
susceptibility to chemicals, as seen in the cladoceran
Daphnia (Hanazato and Hirokawa, 2001). As men-
tioned above, copepods often play an important role
as predators in ecosystems, and they have ontogenet-
ically different trophic status in the food web as her-
bivorous nauplii and carnivorous older copepodids and
adults (Williamson, 1986). Thus, their susceptibility to
chemicals throughout their life cycle should be studied
further to allow a better understanding of the response
of copepod populations to chemicals and of the chem-
ical impact on zooplankton communities through the
activity of copepod populations.

Although the density of rotifers showed different
patterns of change depending on the carbaryl treatment
and the abundance of predators, the food web structure
represented by the number of interactions showed no
marked changes with carbaryl application. The num-
ber of interactions represents the number of trophic
l ntly
s d
B e
f tudy
s ruc-
t ent,
a do-
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fromM. pehpeiensisand failed to develop high density,
particularly in the high-predator-density tanks.

The results suggest that the impact of insecticides
on zooplankton can be modified by the community
structure of zooplankton. In particular, the abundance
of predators can affect the succession of zooplankton
that remain after the insecticide application. High abun-
dance of predators that are not markedly affected by the
chemicals can exert a serious impact on the remaining
prey species and suppress their population increase,
since predation pressure on the remaining prey might
increase owing to elimination of alternative foods by
the chemicals.
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